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We investigate membrane-mediated interactions between transmembrane proteins using coarse-
grained models. We compare the effective potential of mean force (PMF) between two proteins,
which are always aligned parallel to the z-axis of the simulation box, with those PMFs obtained for
proteins with fluctuating orientations. The PMFs are dominated by an oscillatory packing-driven
contribution and a smooth attractive hydrophobic mismatch contribution, which vanishes if the
hydrophobic length of the protein matches the thickness of the membrane. If protein orientations are
allowed to fluctuate, the oscillations are greatly reduced compared to proteins with fixed orientation.
Furthermore, the hydrophobic mismatch interaction has a smaller range. Finally, we compare the
two-dimensional thickness profiles around two proteins with the predictions from the elastic theory
of two coupled monolayers, and find them to be in very good agreement.
I. INTRODUCTION
Biological membranes are essential components of all
living organisms. Even though their basic building block
is a fluid lipid bilayer, their properties and functional-
ity crucially depend on the membrane proteins. Pro-
teins function as catalysts, transport and store other
molecules, provide mechanical support and immune pro-
tection, generate movement, transmit nerve impulses,
and control growth and differentiation [1].
Unfortunately, the components of real biomembranes
are too diverse and complex to obtain detailed and un-
ambiguous information about interactions of transmem-
brane segments with a lipid bilayer [2]. Moreover, struc-
tural perturbations or transformations of the lipid bi-
layer are among the most difficult processes to probe ex-
perimentally [3]. Thus, complementary theoretical ap-
proaches and computer simulations of membrane sys-
tems of well-defined compositions are necessary to elu-
cidate the role of the lipid bilayer in processes like pro-
tein aggregation and function. In this context, the use of
coarse-grained models has become popular [4–7]. Even
with today’s computing resources, atomistic modeling of
multicomponent lipid bilayers on length scales of several
nanometer still remains a challenge. Moreover, coarse-
grained model simulations give insight into generic prop-
erties and mechanisms in lipid membranes, which are dif-
ficult to extract from fully atomistic simulations of spe-
cific membranes.
In this paper we focus on lipid-mediated interactions
between proteins or, more generally, membrane inclu-
sions. We present simulational and theoretical results on
fluid membranes containing model transmembrane pro-
teins, i.e. proteins that span through the membrane.
Many theoretical models have been developed to get a
better understanding of the membrane-mediated inter-
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actions between such proteins [8–15]. In these models,
the inclusions were modeled as straight cylinders, which
are aligned with the bilayer normal. Only recently, com-
putational studies with coarse-grained models have been
performed on the same problem, where both proteins in
single-component bilayers [16–18] and the effect of choles-
terol on protein-lipid and lipid-mediated protein-protein
interactions have been studied [19]. From these stud-
ies, the following general picture has emerged: The lipid-
mediated protein interactions can be divided in short-
range and long-range contributions. The short-range
contributions depend on the local structure of the lipid
layer and reflect packing and layering effects. The long-
range interactions result from the elastic distortion of the
membrane due to the insertion of the proteins and can be
tuned, by tuning the length of the hydrophobic section
of the protein (”hydrophobic mismatch” interaction). If
the hydrophobic length of the proteins matches the thick-
ness of the membrane, they will vanish, otherwise they
tend to be attractive. In the literature, a number of other
mechanisms that would induce long-range lipid-mediated
protein interactions have been discussed [20–22], but for
straight cylindrical proteins, the hydrophobic mismatch
interaction seems be dominant.
The work presented here is based on a coarse-grained
lipid model [23, 24], which reproduces the main phases
[25–27] and elastic properties [18, 27] of DPPC bilay-
ers. In previous papers, this model was used to study
the lipid-mediated interactions between infinitely strong
straight cylinders with fixed orientation along the bilayer
normal in stressfree [18] and stressed membranes [27].
The rigid restriction was motivated by the huge amount
of related theoretical work (see above). In reality, how-
ever, proteins may tilt in the membrane, their orientation
may fluctuate, and this affects the lipid-mediated protein
interactions.
The present paper focuses on this effect. We study
the lipid-mediated protein interactions, using two vari-
ants of a coarse-grained protein model. The first vari-
ant is the infinitely long straight cylinder studied earlier
[18, 27], and the second variant consists of a cylinder
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2of finite length with full freedom to tilt. This allows to
assess in detail the effect of orientation fluctuations on
the protein-protein interactions. In addition, we charac-
terize the profiles of membranes containing two proteins
and compare them with the theoretical prediction of an
elastic theory.
Our paper is organized as follows: In the next sec-
tion, we introduce the simulation models and method
and briefly comment on the elastic theory with which the
simulation data are compared. The simulation results are
presented in Section III. We summarize and conclude in
Section IV.
II. MODELS AND METHODS
In the following a brief summary of the lipid model
and the protein models used in this work will be given.
In our study, we vary both the hydrophobic mismatch
of the proteins (i.e., the length of the hydrophobic sec-
tion), and the hydrophobic strength. Since hydrophobic
interaction does not arise from the binding of nonpolar
molecules to each other but from preventing polar sol-
vent molecules from achieving optimal hydrogen bind-
ing, the strength of the hydrophobic interaction depends
on the relative polarity of both the solute and the sol-
vent [28]. Experimentally the hydrophobicity of proteins
can therefore be tuned by changing amino acid residues
with different hydrophobicity of the protein [2]. Alanine,
e.g., is less hydrophobic than leucine [29]. Alternatively,
changing the pH of the solvent and thereby making pri-
orly uncharged side-chains charged, will also affect the
hydrophobic interaction of the lipid bilayer and the pro-
teins [30].
A. Lipid Model
Lipid molecules are represented by chains consisting of
one head bead and six tail beads, and there are additional
solvent beads [24]. Within the lipid chain, adjacent beads
at a distance r interact via a finite extensible non-linear
elastic (FENE) potential
VFENE(r) = −1
2
FENE(∆rmax)
2 ln
(
1− (r − r0)
2
∆r2max
)
,
(1)
with the spring constant FENE, the equilibrium bond
length r0, and the cutoff ∆rmax. The angles θ between
subsequent bonds in the lipid are subject to a stiffness
potential
VBA(θ) = BA(1 + cos θ), (2)
with the stiffness parameter BA. Beads of type i and j
which are not direct next neighbors in a chain interact
via a truncated and shifted Lennard-Jones potential,
VLJ(r/σij) =
{

(
σ12ij
r12 − 2
σ6ij
r6
)
− Vc,ij , if r < rc,ij
0 otherwise.
(3)
The offset Vc,ij is chosen such that VLJ(r/σij) is contin-
uous at the cutoff rc,ij . The parameter σij = (σi +σj)/2
is the arithmetic mean of the diameters σi of the interac-
tion partners, and rc,ij = 1σij for all partners (ij) except
(tt) and (ss): rc,tt = 2σtt and rc,ss = 0. Hence tail beads
attract one another, all other interactions are repulsive,
and solvent beads do not interact at all with each other.
We use the model parameters [24] σh = 1.1σt, r0 =
0.7σt, ∆rmax = 0.2σt, FENE = 100 /σ
2
t , and BA =
4.7 . At the pressure P = 2.0 /σ3t , the model repro-
duces the main phases of phospholipids, i.e., a high-
temperature fluid Lα phase at temperature kBT >
kBTm ∼ 1.2  and a low-temperature tilted gel (Lβ′)
with an intermediate modulated ripple (Pβ′) phase [25].
The energy and length scales can be mapped to SI-
units [18] by matching the bilayer thickness or, alter-
natively, the area per lipid and the temperature of the
main transition to those of DPPC, giving 1σt ∼ 6 A˚ and
1  ∼ 0.36× 10−20 J. The elastic properties of the mem-
branes in the fluid state were then also found to be com-
parable to those of DPPC membranes [18].
FIG. 1: Snapshots of the protein models considered in this
work. Left: Infinite cylinder with fixed orientation. Right:
Finite tiltable cylinder. L denotes the total length of the
hydrophobic section. The dark shaded band in the middle
indicates the region where the hydrophobic attractive inter-
action with lipid tails reaches full strength, the two adjacend
light shaded bands show the the region where it smoothly
drops to zero. The finite cylinder (right) is effectively capped
by repulsive hemispheres (not shown).
B. Protein Models
1. Cylinder of infinite length
The first type of model protein considered here is the
infinite straight cylinder originally introduced by West
et al. [18]. (see Fig. 1, left), i.e., the protein cannot tilt.
The axis of the cylinder is always aligned parallel to the
z axis of the simulation box. Since this model protein
spans the whole simulation box in the z direction and
due to the periodic boundary conditions, the term ”in-
finitely long cylinder” is justified. The interaction of this
simple model proteins and the lipid or solvent beads has
repulsive contributions, which are described by a radially
3shifted and truncated Lennard-Jones potential
Vrep(r) =
{
VLJ
(
r−σ0
σ
)− VLJ(1) if r − σ0 < 0
0 otherwise
, (4)
where r =
√
x2 + y2 denotes the distance of the interac-
tion partners in the xy plane, σ is given by σ = (σt+σi)/2
for interactions with beads of type i (i = h, t, and s for
head, tail, and solvent beads, respectively), σ0 = σt, and
VLJ has been defined above (Eq. (3)). The direct protein-
protein interactions have the same potential (Eq. (4))
with σ = σt and σ0 = 2σt. In SI-units, the cylinders thus
have a diameter of 2 nm, which roughly corresponds to
the diameter of the 8-stranded β-barrel OmpA [31].
In addition, protein cylinders attract tail beads on a
hydrophobic section of length L. This is described by
an additional attractive potential that depends on the z
distance between the tail bead and the protein center.
The total potential reads
Vpt(r, z) = pt (Vrep(r) + Vattr(r)×WP (z)) , (5)
with the attractive Lennard-Jones contribution
Vattr(r) =
 VLJ(1)− VLJ(2) if r − σ0 < σVLJ ( r−σ0σ )− VLJ(2) if σ < r − σ0 < 2σ
0 otherwise
,
(6)
and a weight function WP (z), which is unity on a stretch
of length 2l = L− 2σt and crosses smoothly over to zero
over a distance of approximately σt at both sides. Specif-
ically, we use
WP =
 1 if |z| ≤ lcos2 ( 32 (|z| − l)) if l < |z| < l + pi3
0 otherwise
. (7)
The hydrophobicity of the protein is tuned by the pa-
rameter pt.
2. Cylinder of finite length
The second type of protein is also a straight cylinder,
where the hydrophobic section of length L is modeled
analogously to the infinite cylinder. But now the cylinder
is allowed to tilt away from the z direction of the simula-
tion box (Fig. 1, right). The protein has finite length L
and is capped at both ends by effectively repulsive (”hy-
drophilic”) hemispheres. More precisely, the protein is
parametrized by a line of length L, and the interactions
between lipids and proteins are given by Eq. (5) with
σ0 = σt as before, where r is now the shortest distance
between the center of a lipid bead and the protein line.
The interactions between two proteins are purely repul-
sive and given by (4) with σ0 = 2σt and r the minimum
distance between the two interacting protein lines.
Even though these cylinders are allowed to tilt, they
basically stay aligned with the membrane normal in our
L [σt] pt = 3  pt = 6 
4 14.1 ± 2.1 12.4 ± 2
6 12.5 ± 0.8 11.9 ± 2.2
8 11.1 ± 1.2 7.74 ± 1.15
TABLE I: Average tilt angle 〈α〉 of single spherocylinders in
membranes.
model bilayers. The distribution of solid angles assumes
a maximum at tilt zero, and the average tilt angles 〈α〉
for the parameters used in the present work are less than
15 degrees, as shown in Table I. These tilt angles should
be regarded as valid in the general case, since we are not
aiming at modeling any specific protein. Our results are
compatible with an earlier simulation study by Venturoli
et al.[32], where the average tilt angle of proteins with
both negative and positive mismatch of up to 40% was
also only slightly affected by the mismatch. Only when
a considerable positive mismatch of more than 70% was
present, a significant increase in average tilt angle for
model proteins of small aspect ratio (diameter to length)
was observed.
Since a protein is ”rough” on an atomic scale, rep-
resenting a complex structure like a protein as a sim-
ple smooth cylindrical object may seem to be a rather
crude approach. Nevertheless, our way of modeling the
proteins can be justified by the fact that e.g. α-helices
are packed with vanishing little free space within the he-
lices [33] and are therefore fairly smooth on the scale of
∼ 10 A˚. There are no large cavities into which chains or
even whole molecules would fit [34].
C. Simulation Method
We have carried out Monte Carlo simulations at con-
stant pressure P = 2.0 /σ3t and constant temperature T
with periodic boundary conditions in a simulation box of
variable shape and size. Thus, we are performing Monte-
Carlo simulations in an NPT ensemble with effective
Hamiltonian
Heff = U + PV −NkBT ln(V/V0) , (8)
where U is the interaction energy, V the volume of the
simulation box, V0 an arbitrary reference volume and N
the total number of beads.
In practice, three main types of Monte-Carlo moves
were proposed and then accepted or rejected according
to a Metropolis criterion, namely 1) translational local
moves of the lipid beads, 2) protein translation and rota-
tion moves, and 3) global moves which change the volume
of the simulation box or its shape. Most of these moves
have been discussed earlier [24]. Here we only sketch the
algorithm for the new protein rotation moves. The new
trial direction d̂′p of the protein is generated in several
steps. First a vector û, which lies randomly distributed
4on a unit sphere, is generated. Choosing a random vec-
tor on the surface of a unit sphere is efficiently done by
applying an algorithm proposed by Marsaglia [35]: Two
random variables r1 and r2 within the interval (−1, 1)
are generated and ζ2 = r21 + r
2
2 is calculated. If ζ
2 > 1
the random numbers are discarded and a new pair r1, r2
has to be generated. For ζ2 < 1 the components of the
random unit vector in Cartesian coordinates are given by
ûx = 2r1
√
1− ζ2
ûy = 2r2
√
1− ζ2
ûz = 1− 2ζ2 .
(9)
If the new direction of the protein was chosen to be û,
the acceptance rate of the move would be prohibitively
small. Therefore, û is scaled down by ∆tilt and the vector
t = ∆tiltû is added to the tip of the normalized direction
d̂p of the protein. Finally, normalizing the resulting vec-
tor d′p = d̂p+t to d̂′p gives the trial direction of the pro-
tein used to calculate the energy change for the Metropo-
lis criterion. By varying the scaling factor ∆tilt during
the ”prerun” the acceptance rate of the tilt moves can
be adjusted to the desired rate. Effectively, this means
adjusting the opening angle of the cone around d̂p, which
limits the maximum tilt angle θp,max of the move.
During one Monte-Carlo step (MCS) there is on aver-
age one attempt to move each bead and protein, and one
attempt to rotate the protein. Since the global moves re-
quire rescaling of all particle coordinates, which is rather
expensive from a computational point of view, they are
performed only every 50th MCS on average.
D. Elastic Theory
In the following, we briefly sketch the elastic theory
with which we compare the simulation results [10, 14, 18],
and which has proved to describe very well the proper-
ties of our model membranes in the fluid state [18]. The
membrane is treated as a system of coupled monolayers,
which fluctuate subject to the constraint that the vol-
ume of lipids is locally conserved. It is also considered
to be almost flat, i.e., the positions of both monolayers
can be parametrized by single-valued functions hi(x, y).
Here we are mainly interested in the thickness deforma-
tions, which we characterize by the locally smoothed de-
formation profiles Φel(x, y) of monolayers about the un-
perturbed value t0 ( i.e., the total monolayer thickness is
t0 + Φel). The free energy of monolayer thickness defor-
mations is then written as [15]
F =
∫
d2r
{
kA
2t20
Φ2el + 2kc
(
c0 + ζ
Φel
t0
)
∆Φel
+
kc
2
(∆Φel)
2 + kG det(∂ijΦel)
}
,
(10)
Parameter L Value
kc all 6.2 
ζ/t0 all 0.15 σ
−2
t
kA/t
2
0 all 1.3 /σ
4
t
kG all -0.26 
tR 4 σt -0.94 σt
tR 6 σt 0.3 σt
tR 8 σt 1.44 σt
c˜0 4 σt -0.11 σ
−1
t
c˜0 6 σt 0.05 σ
−1
t
c˜0 8 σt 0.22 σ
−1
t
TABLE II: Elastic parameters used in the theoretical calcu-
lations. Taken from Ref. [18].
where kc and kA are the bending and compressibility
modulus of the bilayer, c0 is the spontaneous curvature,
ζ a parameter related to the spontaneous curvature, and
kG the Gaussian curvature. All these parameters have
been determined for our model membranes in earlier work
from analyses of the membrane fluctuations and stress
profiles [18]. We note that the terms c0 and kG can
be rewritten as pure surface terms. Protein inclusions
distort the membranes by imposing a fixed thickness at
their boundaries [10], Φel = tR, and may introduce ad-
ditional surface fields, which enter in the same way as
the spontaneous curvature term [18] and thus effectively
renormalize c0. Hence the effect of proteins on the mem-
brane can be characterized by the two parameters tR and
c˜0, the renormalized curvature. They have been deter-
mined for our model in earlier work [18] from the dis-
tortion profiles of single membranes about infinitely long
straight cylinders. Table II summarizes the values of all
elastic parameters for the simulation models studied in
this work.
The elastic free energy, Eq. (10), can be minimized an-
alytically for membranes containing only a single cylin-
drical protein. For two proteins, it must be minimized
numerically. To this end, the free energy integral was
discretized in real space using a square grid of spatial
discretization h = 0.25σt, a system size of 50×50σ2t and
a second-order difference scheme to evaluate the deriva-
tives. The boundary condition was implemented by set-
ting φ = tR inside the inclusion. The minimization was
done via a steepest descent method, using a relaxation
scheme [36]. This procedure gave deformation profiles
with which we could compare the simulation results (see
below).
III. SIMULATION RESULTS
A. Lipid-mediated interactions between inclusions
We now turn to discussing our simulation results for
the membrane-induced interactions between cylindrical
5inclusions in the bilayer. In this subsection, we focus
on the effect of protein orientation fluctuations on the
effective interactions between the model proteins, i.e.,
the PMF.
The radial distribution function g(r) as a function of
the protein-protein distance r was obtained from sim-
ulation runs using the technique of successive umbrella
sampling [37] combined with a reweighting procedure. As
starting configurations we used equilibrated systems with
750 to 760 lipids and two simple transmembrane proteins
of diameter 3σt. A first estimate of g(r) was obtained
during pre-runs of length 2×106 MCS. Then, biased runs
of 3 × 106 MCS were performed to improve the statis-
tics of configurationally less frequent protein-protein dis-
tances. In the case of tiltable proteins, 10×106 MCS had
to be performed to achieve comparable accuracy in the
histogram data.
After removing the bias from these results and com-
bining the overlapping distributions the effective poten-
tial w(r) = −kBT ln g(r) can be extracted. At small
inclusion-inclusion distances direct interactions of pro-
teins and, in the case of long proteins, additional de-
pletion induced attraction due to the solvent particles
come into play. Since our main interest lies in the study
of lipid-mediated medium and long ranged interactions,
these parts of the curves have been cut off. Our sam-
pling procedure resulted in a statistical error of about
±0.3 within each umbrella window. The distance range
between 4 and 10σt was typically covered by 7-8 windows
(with larger windows at larger distances), which gives an
accumulated error of ±2  in the first minimum of the
PMFs in the worst case, and of at most ±1  at distance
6σ.
The hydrophobicity of the protein, i.e., the interaction
strength between the hydrophobic core of the membrane
and the hydrophobic part of the inclusion, is tuned by
the parameter pt. Only for sufficiently high values of pt
do the model proteins locally distort the bilayers. In the
following we will consider two cases, weakly hydropho-
bic proteins with pt = 3.0  and strongly hydrophobic
proteins with pt = 6.0 . In the first case lipid-protein
contact is approximately energetically equivalent to lipid-
lipid contact, whereas in the second case lipid-protein
contact is highly preferred. Weakly hydrophobic pro-
teins only induce small perturbations of the lipid envi-
ronment, strongly hydrophobic proteins lead to strong
deformations.
Furthermore, the hydrophobic length L has been var-
ied from L = 4σt to L = 8σt. The hydrophobic thickness
of the membrane is 6σt, hence L = 4σt corresponds to
a negatively mismatched protein, and L = 8σt to a pos-
itively mismatched protein.
The simulation results are compiled in Figs. 2, 3, and
4. The left and right graphs in each figure correspond to
straight and tiltable cylinders, respectively. One immedi-
ately notices the first effect of orientational fluctuations:
Due to lipid packing in the vicinity of the inclusions the
curves feature oscillations with a wavelength of approx-
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FIG. 2: Potential of mean force of two isolated proteins
as a function of the protein distance at medium (solid) and
strong (dashed) hydrophobicity pt for proteins with negative
hydrophobic mismatch (L = 4σt). The proteins of the left
graph were always aligned parallel to the z axis of the simu-
lation box, whereas proteins in the right graph were allowed
to tilt.
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FIG. 3: Potential of mean force of two isolated proteins as a
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(dashed) hydrophobicity pt for hydrophobically matching
proteins (L = 6σt). (left: aligned protein, right: tiltable
proteins).
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FIG. 4: Potential of mean force of two isolated proteins
as a function of the protein distance at medium (solid) and
strong (dashed) hydrophobicity pt for proteins with positive
hydrophobic mismatch (L = 8σt) (left: aligned protein, right:
tiltable proteins).
6imately 1σt, i.e. the diameter of the lipid tail beads.
The higher pt the more pronounced the lipid layering.
This holds both for straight and tiltable proteins. How-
ever, the oscillations are significantly reduced in the lat-
ter case. Hence orientation fluctuations reduce the effect
of lipid layering on the protein-protein interactions.
Next we discuss separately the PMFs for strongly and
weakly hydrophobic proteins.
1. Strongly hydrophobic proteins
A general feature that straight and tiltable protein
have in common at pt = 6.0  is an enhanced tendency
to aggregate for hydrophobically mismatched proteins,
both for positive or negative mismatch (dashed curves in
Figs. 2 and 4). The effective interactions between mis-
matched proteins have an attractive long-range contribu-
tion which is not detectable for hydrophobically matching
proteins (Fig. 3). Compared to straight proteins, how-
ever, the range of this additional attraction is reduced
for proteins with orientational fluctuations, and the at-
traction essentially vanishes within the error at distances
beyond r ∼ 7σt.
The first and deepest attractive minimum of the PMFs
slightly below r = 4σt lies at approximately the same
energy for both types of models, i.e. between −17 and
−15  for proteins of length L = 4σt and 6σt and about
−40  for proteins of length L = 8σt. This minimum
is related to lipid bridging and a consequence of the
strong attraction between lipids and proteins. At dis-
tance r ∼ 4σt, one layer of lipids is in contact with both
proteins, thus stabilizing the conformation at that dis-
tance. The lipid bridging energy increases with increas-
ing hydrophobic contact area between lipid tails and pro-
teins. Compared to hydrophobically matching proteins,
it is thus reduced for negatively mismatched proteins
and enhanced for positively mismatched proteins. In ad-
dition, both negatively and positively mismatched pro-
teins have the above-mentioned attractive interactions
due to the elastic deformation of the layer. Compared
to hydrophobically matching proteins, the contributions
of lipid bridging and hydrophobic mismatch are oppo-
site for negatively mismatched proteins, and cumulative
for positively mismatched proteins. As a result the first
minimum has approximately the same energy for pro-
teins with negative hydrophobic mismatch and matching
proteins, whereas proteins with positive mismatch show
the strongest attraction.
2. Medium hydrophobicity
For weakly hydrophobic proteins with pt = 3.0 , the
effect of hydrophobic mismatch at short distances is much
less pronounced than in the case of strongly hydrophobic
proteins. This is especially true for proteins with fluctu-
ating orientations. In the latter case, the first minimum
has almost the same depth for all types of mismatch, and
the PMFs for different L are not further apart than 3 
(solid curves in the right graphs of Fig. 2, 3, and 4).
At intermediate distances, however, the interaction be-
tween proteins with fluctuating orientations is found to
depend crucially on the type of mismatch: For positively
mismatched proteins, it has a long range attractive con-
tribution similar to that observed for strongly hydropho-
bic proteins. For negatively mismatched proteins, this
contribution is still present at distances r < 7σt, but
then it turns around and gives way to a repulsive in-
teraction. The repulsive barrier is small, but significant
within the error of ±0.5  at distance 8σt. The behav-
ior for matching proteins is intermediate – the layering
interactions are superimposed by an attractive contribu-
tion up to r ∼ 6σt, which disappears within the error at
larger distances. We note that this behavior is in marked
contrast both to the behavior of strongly hydrophobic
proteins and of weakly hydrophobic, but straight inclu-
sions. In the latter cases, one observes a purely attrac-
tive long-range hydrophobic mismatch interaction, which
vanishes for hydrophobically matched proteins.
In fact, the elastic theory does predict a repulsive bar-
rier in the interaction free energy of two transmembrane
proteins for positive and negative hydrophobic mismatch
[18]. The maximum of this small repulsive barrier should
be found in the range of r ∼ 6σt to 8σt and can be
associated with a peak, i.e., a soft mode, in the spec-
trum of thickness fluctuations of the pure bilayer. One
may speculate that the repulsive shoulders observed here
are caused by the same effect. However, our simulations
results show no repulsive barrier for proteins of length
L = 8.0σt. The attractive range for positively mis-
matched proteins rather extends up to a protein-protein
separation of about 9σt and levels off without any observ-
able repulsive region. Furthermore, the attractive behav-
ior of hydrophobically matching proteins is not predicted
by the elastic theory either.
Other comparable simulations on tiltable proteins have
been performed by Schmidt et al. Both for negative
and positive hydrophobic mismatch they observe a long-
range, lipid-mediated attraction. In the case of zero mis-
match this interaction is less attractive [38]. Further,
their PMFs exhibit an oscillating ”fine structure”, which
they attribute to the discreteness of the membrane.
In another study, de Meyer et al. have compared
PMFs for proteins which were allowed to tilt, and pro-
teins which were always aligned parallel to the z-axis [17].
Their results for proteins comparable to our capped cylin-
drical inclusions of diameter Dp = 3σt can be summa-
rized as follows: In the case of positive mismatch the
long-range interaction between two proteins should be
influenced by the degree of protein tilt. If the protein
was not allowed to tilt, they found an attractive region
for small distances, followed by a small repulsive barrier
and a shallow and broad minimum at large protein sep-
aration. If tilting of proteins was allowed, only a small,
but broad repulsive barrier at medium inter-protein dis-
7tances was found after the typical attractive range at
small distances for both positive and negative mismatch.
The shallow attractive region at larger distance has van-
ished. In our model of long cylindrical proteins without
tilt a shallow repulsive barrier at medium distances was
also present, but only at very weak hydrophobicity of
pt = 1.0  [18]. Other effects due to lipid layering were
much less pronounced in the study of de Meyer et al.,
since they were using soft, merely repulsive potentials.
But at very small protein separations they did observe
slight oscillations in the PMFs, which they assigned to
the free energy needed to remove lipids in between the
proteins.
B. Profiles around two proteins
After having discussed the effective lipid-mediated in-
teractions between two transmembrane inclusions, we
now turn to the closer investigation of structural lipid
rearrangements around two model proteins at small and
medium separation. In this section, we will consider
strongly hydrophobic proteins with pt = 6 .
As we have seen in the previous section, one character-
istics of our lipid model with its hard-core, Lennard-Jones
type interactions is the presence of lipid packing phenom-
ena, which are usually much less prominent in systems
modeled with soft dissipative particle dynamics poten-
tials [18]. Especially in the area surrounding proteins
one can expect ordering of the lipids, which is rather dis-
tinct from the situation further away from inclusions in
the lipid bulk, and which may affect the interaction with
other inclusions. Here, two-dimensional profiles give use-
ful insight into the structure of membrane-characterizing
quantities. To determine them, we have simulated equi-
librated bilayers containing two capped proteins, keeping
the positions of the proteins fixed, but allowing for tilt
fluctuations. As before, we compare systems with cylin-
drical proteins of varying hydrophobicity, hydrophobic
mismatch and protein-protein distance.
The two-dimensional profiles can be separated into two
regions: In the inner region between the two inclusions,
the profiles reflect the combined effect of both proteins.
In the outer region, the influence of one protein is ge-
ometrically screened, and the profiles mainly reproduce
the perturbations induced by one single protein.
1. Areal tail bead density
First, the areal density of tail beads χt around two pro-
teins is investigated. In the following graphs, the values
are always given with respect to one monolayer, i.e. the
average number of tail beads obtained for each bin lying
in the xy plane was divided by 2. The reference value
of χt in the unperturbed bilayer is simply the number of
tail beads per lipid divided by the average area per lipid
at T = 1.3 kBT , i.e. χ
0
t = 6/1.38σ
2
t = 4.3σ
−2
t .
d = 3.99σt d = 6.45σt
FIG. 5: Areal tail density profiles for systems containing two
translationally immobile hydrophobically matched proteins
(L = 6σt) for two different protein distances, obtained by
binning within a quadratic grid with bin size 0.5 × 0.5σ2t .
The profiles reflect the underlying grid.
Both length and height of a single bin is set to 0.5σt.
Therefore each sampled cell has an area of 0.25σ2t only.
At this resolution interesting details of the lipid structure
in the vicinity of the inclusions are revealed.
Not surprisingly, negative hydrophobic mismatch,
which goes along with thinning of the surrounding bi-
layer, leads to a reduction of the areal tail density,
whereas positive hydrophobic mismatch enhances the
areal tail density along with the membrane thickness.
The fine structure exhibits additional features. In the
following, we will focus on hydrophobically matching pro-
teins of length L = 6σt. The layering of the lipids around
the proteins, which gave rise to the oscillatory behavior of
the PMFs in the previous section, manifests itself clearly
in concentric rings with enhanced (light) and reduced
(dark) areal tail bead density (Fig. 5). The variations in
areal density are usually in the order of 20% compared to
the average value at larger distance from the inclusions.
If the proteins are close to each other (Fig. 5, left), they
pin the lipids entirely i.e., the areal tail density exhibits
sharp local peaks at two well-defined positions between
the two proteins.
2. Thickness profiles
Next, we inspect the thickness profiles around two
cylindrical inclusions at fixed distances. Specifically, we
consider short distances, slightly below a protein-protein
separation of ∼ 4σt, medium distances at a separation of
∼ 6.5σt, and larger separations lying between 8 and 9σt.
A regular grid of cells with an area of ∆x∆y = 1.0σ2t
was used to subdivide the system. Averaging of the
membrane thickness was done within each quadratic bin
thus obtained. If necessary, the systems were rotated
such that the connecting line between the centers of the
proteins was parallel to the x-axis for better comparison
and visualization purposes. Light shading indicates thick
membranes, dark shading thin membranes. For compar-
ison, we have also calculated the same profiles with the
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FIG. 6: Thickness profiles around two translationally immo-
bile cylindrical proteins with negative hydrophobic mismatch
(L = 4.0σt). Left: Simulations, Right: Elastic theory
elastic model described earlier (Sec. II D), using the elas-
tic parameters obtained in Ref. [18] (Table II). The re-
sults are shown in Figs. 6, 7, and 8.
Both for small and medium protein-protein separations
the perturbations induced by the proteins overlap. This
amplifies the reduction or increase of thickness which
would be caused by a single protein of negative or pos-
itive hydrophobic mismatch, respectively. At large dis-
tances, the proteins are surrounded by separate pertur-
bation shells.
Fig. 6 shows the results for proteins with negative mis-
match. For small and medium protein-protein distances
the bilayer thickness is smallest in the region between
the proteins (Fig. 6, top left and middle left), which is in
remarkable agreement with the predictions of the elastic
theory (Figs. 6, top right and middle right). For protein-
protein distances 5−7σt, the elastic theory even predicts
a certain amount of ”undershooting”, i.e., the membrane
thickness on the axis between the two proteins is pre-
dicted to be smaller than at the protein surface. This is
also found in simulations, albeit to a much lesser extent.
Proteins with positive hydrophobic mismatch (L =
8.0σt) are surrounded by a clearly thickened bilayer
(Fig. 7). As for negatively mismatched proteins, the
membrane perturbations are enhanced in the region be-
tween the proteins. For protein distances 5 − 7σt, the
simulation theory
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FIG. 7: Thickness profiles around two translationally immo-
bile cylindrical proteins with positive hydrophobic mismatch
(L = 8.0σt). Left: Simulations, Right: Elastic theory
elastic theory predicts ”overshooting”, i.e., the thick-
ness is expected to be largest at the point right between
the two proteins. However, the simulation data do not
show this effect. In this respect, positively mismatched
proteins show a different behavior than negatively mis-
matched proteins.
Finally, the bilayer thickness between hydrophobically
matching proteins (L = 6.0σt) remains practically unal-
tered as expected, except in the very close vicinity of the
proteins, where a small annulus of enhanced thickness
develops (Fig. 8, left). Elastic theory predicts a slightly
enhanced thickness in the vicinity of the proteins (Fig. 8,
right).
IV. SUMMARY AND DISCUSSION
In summary, we have studied protein-protein interac-
tions in model lipid membranes, using two types of model
proteins: Infinitely long cylinders with fixed orientation,
and finite spherocylinders with fluctuating orientation.
In general, the interactions are dominated by packing ef-
fects and smooth attractive hydrophobic mismatch inter-
actions. Besides the geometric mismatch the hydropho-
bicity of the proteins is a key quantity.
The comparison of the PMFs for the two protein types
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FIG. 8: Thickness profiles around two translationally immo-
bile cylindrical proteins without mismatch (L = 6.0σt). Left:
Simulations, Right: Elastic theory.
allowed to assess the effect of orientation fluctuations. It
can be summarized as follows: The main and most promi-
nent effect of orientation fluctuations is to reduce the
lipid packing effects on the PMFs, i.e., the correspond-
ing short range oscillatory behavior. Furthermore, they
slightly reduce the range of the hydrophobic mismatch
interactions. For weakly hydrophobic proteins, they may
also affect qualitatively the shape of the potentials: In
the case of negatively mismatched proteins, orientation
fluctuations introduce a weak repulsive maximum in the
PMFs which is not present for orientationally fixed pro-
teins. This is consistent with earlier results by de Meyer
et al. [17], using a different protein model with hydropho-
bic interactions that would be considered ’weak’ in our
context.
The direct experimental measure of interaction poten-
tials between membrane proteins is still a challenging
task due to the required temporal and spatial resolution.
The ”protein” diameter in our study roughly corresponds
to that of gramicidin, for which the effect of hydropho-
bic mismatch interactions was verified experimentally in
1999 by Harroun and coworkers [39]. The hydrophobic
mismatch effect has also been investigated by system-
atic studies of synthetic model peptides [2, 40]. In these
studies, the evidence for mismatch-induced interactions
was mainly based on the observation of protein cluster-
ing. Recently, spatially resolved interaction energies be-
tween proteins of positive hydrophobic mismatch have
been calculated for mobile ATP-synthase c-rings in mem-
branes basically consisting of phosphatidyl glycerophos-
phate from the probability distribution of the center-
to-center distance by Casuso et al. [41]. After a soft-
core short range repulsion attributed to the structural
perturbation of the lipid/protein organization, a mini-
mum could be observed in the interaction energy. The
authors consider this attractive potential to be caused
by membrane-mediated interactions due to the deforma-
tions of the lipid bilayer. The ATP-synthase c-rings of
diameter 65 A˚ ± 5 A˚ would correspond to proteins of di-
ameter 10σt in our systems. Therefore, direct compari-
son with our simulation data is not possible. Neverthe-
less, the experimental finding of protein-protein attrac-
tion by mismatch-induced deformation is in accordance
with the resulting smooth attractive interaction in our
simulations.
For the case of strong interactions, we have also studied
the distribution of lipid tails in systems containing two
proteins and found that two proteins can form complexes
with surrounding lipids, pinning these to their surface.
We speculate that such effects may also occur in biolog-
ical environments. Furthermore, we have compared the
thickness profiles in systems containing two proteins with
the elastic theory of two coupled monolayers. We found
remarkable agreement between the theoretical prediction
and the simulation results, with only slight qualitative
deviations at intermediate protein distances ∼ 7σt: here,
the elastic theory predicts ”over”- or ”undershooting” ef-
fects which are much weaker or not discernible at all in
the simulations. The theoretical prediction for the PMFs
has not been shown here (see [18]), because it is difficult
to compare with the simulation data due to the lipid
packing effects. Regarding the smooth hydrophobic mis-
match part, the theory is in rough qualitative agreement
with the simulations, except that its predicts a repulsive
barrier at distances ∼ 8σt which is not observed in the
simulations. The discrepancy is possibly related to the
slight deviations between theory and simulations in the
thickness profiles mentioned above.
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